If an airtight wall in a coal mine leaks air, it may cause spontaneous combustion of residual coal in the gob and even cause a fullblown fire or gas explosion. In this study, we developed a new type of foamed concrete, low-alkalinity sulphoaluminate cement (LASC), to control air leakage. e performance of filling materials that were prepared by adding various dosages of foam to LASC was studied. e longer the curing period for the foam filling material of LASC, the better the crystallinity of the hydrated product. With an increasing foam dosage, the initial setting time gradually extends while the fluidity of the foam slurry decreases. e bubble rate of the filling material increases and the density decreases with increasing foam dosage. e compressive strength of the LASC filling material decreases with increasing foam dosage and increases with increasing curing time. In the LASC filling materials, the optimal volume ratio of foam dosage to gel slurry is 2. e crystallinity, initial gel time, and compressive strength of the LASC foaming materials are better than those of ordinary Portland cement (OPC) foaming materials. When the crossheading is filled with LASC foam cement, the deformation of the surrounding rock is less than 19 cm, and the air leakage prevention is better than that achieved with loess and fly-ash-cement foam. us, the proposed LASC foam material can be applied to the filling of the crossheading to efficiently prevent leakage in underground coal mines.
Introduction
Coal seam fires that are caused by air leakage are a serious threat to the operation of coal mining. Explosions due to gas, coal dust, and water coal gas and smoke poisoning cause interruptions in operations and may lead to casualties [1] [2] [3] . Spontaneous coal combustion is a major global disaster that leads to serious environmental pollution ( Figure 1 ) [4] [5] [6] . In particular, the risk of spontaneous combustion of the gob in underground coal mines is greater [7, 8] . As shown in Figure 2 , the special mining method used in Chinese coal mines determines that many crossheadings are left in the gob. us, building an airtight wall is an effective means of preventing spontaneous combustion of coal, which is caused by air leakage through the crossheadings [9, 10] .
Limitations of materials and techniques have prevented the construction of airtight walls over recent decades. ese limitations mainly include the following aspects. Reinforced concrete has high strength, but its elastic shape weakens, causing the wall or the surrounding coal body to fracture easily and thereby causing air leakage. To solve the problem of poor contact sealing, scholars have developed rigid polyurethane foam [11] , polyurethane, and phenolic resin [12, 13] . ese materials have good sealing properties but have disadvantages such as the release of toxic gases, significant costs, and high-temperature generation, which promotes oxidation of coal. e development of new materials is critical for constructing high-quality airtight walls. Foam cement has interested several experts because of its low density, low thermal conductivity, low permeability, high expansibility, and high strength [14] . Ivanov et al. [15] and Siva et al. [16, 17] investigated the foaming properties of different types of foaming agents such as sodium lauryl sulphate. Deng et al. [18] and Fan et al. [19] studied the influencing factors of foam stability. Lu et al. [20] , Wang [21] , and Zheng et al. [9] designed a foaming device and analyzed the effects of pressure and the flow of blowing agents on foam performance. Kearsley and Wainwright [22] studied the effect of porosity on the strength of foam concrete. Kearsley and Wainwright studied the effect of thermal conductivity and fly ash content on the compressive strength of foam concrete [23] . Jambor [24] and Tang [25] analyzed the effect of pore structure on the strength of foam concrete. Nambiar and Ramamurthy [26] studied the pore characteristics of foam concrete. Mohammadhosseini and Yatim [27] investigated the effect of waste polypropylene carpet fibers and palm oil fuel ash on the mechanical and microstructural properties of concrete exposed to high temperatures. Lim et al. [28] investigated the effects of waste ceramic powder on both the mechanical and microstructural properties of mortar. Böke et al. [29] and Wen et al. [30, 31] studied the method of preparing solidified foam filling materials using fly ash, and they analyzed the influence of factors such as the watercement ratio and foaming multiple on the foam. e use of fly ash foam cement in plugging air leakages has greatly reduced coal dust pollution on the ground. Generally, the slump period of the coal and rock mass in the gob is five to eight days. e compressive strength of fly ash foam cement after seven days of curing is less than 2 MPa. is causes the shape change of the surrounding rock of the crossheading to be relatively larger, and the filling wall is easily fractured. erefore, studying quick-setting, high-strength, solidified filling materials for foam cement that are appropriate for current coal mining technology is necessary.
Although many experts and scholars have conducted extensive research on OPC-based foam cement for coal mines, minimal attention has been paid to LASC foam cement, which has quick-setting and high-early-strength functions.
In this paper, the influence of foam dosage on the properties of LASC filling materials is mainly studied. e effects of foam dosage on the foam filling materials' microstructure, initial setting time, porosity, and compressive strength are presented. Its efficiency was utilized for No. 31411 working face of Halagou coal mine in 2018. Field industrial tests have shown that LASC has good sealing and compressive strength effects. and potassium monoalkyl phosphate (C 12 H 25 OPO 3 K 2 ) were used as activators for the foaming agent and were mixed in a ratio of 7 : 3. Triethanolamine (C 6 H 15 NO 3 ) and oleic acid (C 18 H 34 O 2 ) were used as foam stabilizers and were mixed in a ratio of 1 : 1. e foaming agent and foam stabilizers were mixed in a ratio of 1 : 1. e foam was prepared according to procedures described in reference [9] . e process of preparing the inorganic solidified foam filling material is shown in Figure 3 . A square-hole sieve with a diameter of 0.08 mm was used to screen out LASC and OPC cements, respectively. First, the gel slurry was prepared by mixing OPC or LASC with water in proportion. Subsequently, the foam was mixed with the gel slurry in proportion, and the foam slurry was uniformly prepared by stirring. Finally, the foam slurry was poured into the mold to prepare the foamed cement module (100 × 100 × 100 mm). Studies have shown that the strength of the cured foam cement is higher when the water-cement mass ratio is approximately 0.5 [30] . erefore, the water-cement ratio used in this study was 0.5. e foam and gel slurry were mixed in a volume ratio. As shown in Table 5 , the foam slurry was prepared by adding 1x, 2x, and 3x volumes of foam to the gel slurry, and these mixtures were designated as FGS 1, FGS 2, and FGS 3, respectively. e microstructure and mineral phases of the foam filling material at the initial stage of molding (one and seven days) was tested using scanning electron microscopy (SEM, Hitachi S-4800N, Japan) and X-ray diffraction (XRD, Bruker-D8-Advance, copper target, step size: 0.03, Germany). e initial gel time of the foam filling material was measured, in accordance with Chinese Standard GB/T1346-2011, using a Vicat apparatus (Shandong Province, China). e compressive strength of the foam filling material was measured, in accordance with Chinese standard GB50107-2010, using an electronic universal testing machine (WDW-100E, Jiangsu Province, China).
Material Selection and Preparation Method

Effect of Foam Dosage on Microscopic
Properties of Solidified Filling Materials
SEM Experimental Study on Solidified Filling Materials.
To study the effect of foam dosage on the hydration products of the solidified filling materials, we prepared the foam filling materials according to Table 5 and Figure 3 , using OPC and LASC, respectively. e morphology of the hydrated product was obtained at a magnification of 12000x, and the results are shown in As shown in Figure 4 (a), when the OPC gel slurry was cured for one day with 1x foam dosage, a large number of fibers and network-like morphological products formed in the material, which were considered to be calcium silicate hydrate (C-S-H) by comparison to the morphology of each mineral hydration product of cement [32, 33] . In Figures 4(b) and 4(c), there was a needle-like product that was considered to be ettringite (AFt) [34] . Figure 4 also shows that the space between the hydration products of the filling material gradually increased as the amount of foam increased. Figure 5 shows that there were hexagonal prismatic AFt and C-S-H fiber networks in the LASC solidified foam cement filling material for the different foam dosages. Additionally, there was a clear needle-shaped AFt, as shown in Figure 5 (c).
As illustrated in Figures 6(a) and 6(b), when the OPC gel slurry was cured for seven days with 1x and 2x foam dosages, C-S-H fiber networks and needle bar AFt formed in the material, and the AFt was wrapped by the C-S-H. e AFt shown in Figure 6 (c) was completely wrapped by the C-S-H. We found that the longer the curing time, the better the degree of crystallization of the material, by comparing the SEM images of the OPC gel slurry foam filling materials that were cured for one and seven days. As shown in e crystallinity of the hydrated product of the LASC foam cement filling material was found to be better than that of the OPC foam cement filling material for the same curing period. e longer the curing time for the solidified foam filling material of the same type of cement, the better the crystallinity of the hydrated product, which means that the longer the curing, the more complete the hydration of the material. 
XRD Experimental Study on Solidified Filling Materials.
To study the influence of foam dosage on the solidified filling materials, we prepared the foam filling materials according to the data in Table 5 and Figure 3 using OPC and LASC, respectively. e results are shown in Figures 8 and 9 . As shown in Figure 8 , the hydration products of the OPC foam slurry when solidified for one day included 3CaO·Al 2 O 3 ·3CaSO 4 ·32H 2 O, Ca(OH) 2 , 3CaO·SiO 2 , and CaCO 3 . e hydration products of the LASC foam slurry for the same condition included 3CaO·Al 2 O 3 ·3CaSO 4 ·32H 2 O, CaSO 2 , 2CaO·SiO 2 , and CaCO 3 . As illustrated in Figure 9 , the hydration products of the OPC foam slurry when solidified for seven days included 3CaO·Al 2 
Effect of Foam Dosage on Properties of Solidified Filling Materials
Effect of Foam Dosage on the Initial Gel Time and Fluidity.
To explore the effects of the foam dosage on the solidified foam filling material, we designed the experiments as shown in Table 5 and Figure 3 . We adjusted the dosage of the foam and measured the initial gel time and fluidity [35] , as presented in Figure 10 . Figure 10 indicates that the larger the foam dosage, the longer the initial setting time was. is was because the foam C-S-H AFt Advances in Materials Science and Engineering has poor gas permeability and good water retention, which hindered the hydration effect. e minimum and maximum initial setting times of the OPC foam slurry under the experimental conditions were 7.0 and 12.7 h, respectively. e minimum and maximum initial setting times for the LASC foam slurry were 3.0 and 3.9 h, respectively. Clearly, the initial setting time of LASC was less than that of OPC. is was because the Al 2 O 3 content of LASC is higher than that of OPC and the hydration rate of 3CaO·Al 2 O 3 and 4CaO·Al 2 O 3 ·Fe 2 O 3 is greater than that of 3CaO·SiO 2 and β-2CaO·SiO 2 [36] . Additionally, Figure 10 shows that the fluidity of the foam slurry decreased as the foam content increased. is was because the fluidity of the foam was less than that of the slurry [9] .
Effect of Foam Dosage on the Material Bubble Rate and
Density. Studies have shown that the pore structures of foam filling materials differ depending on the types of cement and doses of the foam [37] . According to reference [38] , the bubble rate of the solidified filling material can be calculated using equation (1) . e results are shown in Figures 11 and 12 . 
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where p is the bubble rate of the solidified foam cement material (%), ρ m is the density of the solidified foam cement material (g/cm 3 ), and ρ 0 is the density of the solidified cement material (g/cm 3 ). Figure 11 shows that the bubble rate increased with increasing foam dosage. For the OPC solidified foam cement filling material, the bubble rate of the 2x foam dosage was 18.31% higher than the 1x foam dosage; the bubble rate of 3x dosage was 5.90% higher than the 2x dosage. For the LASC solidified foam cement filling material, the bubble rate at the 2x foam dosage was 12.63% higher than that at the 1x amount; the bubble rate at the 3x dosage was 9.79% higher than that at the 2x dosage.
From Figure 12 , we can see that the density of the solidified foam filling material of the LASC was slightly higher than that of the OPC material. e density decreased with increasing foam dosage. is was because the dry density of the filling material decreases with an increase in the foam dosage, whereas the bubble rate depicts an opposite trend [22] .
Effect of Foam Dosage on Compressive Strength of the
Materials. According to the data in Figure 3 and Table 5 , a 100 × 100 × 100 mm foamed cement test piece was prepared. e compressive strength of the foamed cement filling materials for one and seven days of molding was tested using a WDW-100E electronic universal testing machine. e experiment adopted an equal-displacement single-axis compression method, where the speed was 4.0 mm/min, maximum pressure was 100 kN, displacement resolution was 0.001 mm, and stepless speed regulation range was 0.005-500 mm/min. Pressurization was stopped when the material was broken, and the deformation was greater than 30 mm. e experimental results are shown in Figures 13  and 14 .
As can be seen, under the same conditions, the longer the curing time, the greater the compressive strength owing to the more stable crystal structure of the hydration product [30] . is was because the higher the foam dosage, the higher the bubble rate of the solidified foam cement, the better the compressibility, and the greater the yield strength [39] . When the compressive strength reached the peak, it steadily fluctuated on a horizontal line or decreased gradually, which reflected the compressible properties of the cured foam filling material. Additionally, Figures 13 and 14 show that the compressive strength of the filling material declined steeply after reaching the peak value, and the larger the foaming dosage, the larger the displacement value corresponding to the sudden decline in stress. e reasons for this phenomenon may be as follows. (1) e curing period was short, and the hydration was not complete. (2) e filling material entered the stage of plastic deformation. (3) Nonpenetrating cracks appeared in the test piece during the pressure-bearing process, and the material contained Ca(OH) 2 . e compressive strength of the OPC solidified foam filling material was lower than that of the LASC solidified foam filling material under the same foam dosage and curing period. is was because the crystallinity of the LASC material is superior to that of the OPC material. Under the same cement and foam dosage conditions, the longer the curing period of the filling material, the greater the compressive strength. is was because the degree of hydration and the crystallinity of the product of hydration are directly proportional to the curing period.
Field Application Analysis
In 2018, LASC solidified foam filling technology was utilized for No. 31411 working face of the Halagou coal mine in the Shendong Mining Area. e water-ash mass ratio of the material was 0.50 and the volume ratio of the foam to gel slurry was 2. e perfusion was performed using a selfdeveloped ZMJ-F type pulping machine. e pressure applied by the machine was 0.60 MPa, and the perfusion flow rate of the slurry pump was 16.00 m 3 /h. e specific process flow is shown in Figure 15 . Figures 16 and 17 show the shape variables of the crossheading after filling and the O 2 concentration of the gob, respectively.
As illustrated in Figure 16 , the displacement of the surrounding rock in the crossheading after filling with LASC foam material was small, and it essentially became stable after 22 d. e cumulative displacement of the top and bottom plates was 18.90 cm, and the cumulative displacement of the coal walls on both sides was 17.10 cm. No cracks were found on the filling wall during the observation period. As seen in Figure 17 , when the LASC foaming cement was used to fill the crossheading, the Advances in Materials Science and Engineering 9
Conclusions
A new coal mine roadway filling and sealing material was studied, and the performance of the LASC solidified foam filling material was tested. e main conclusions are as follows:
(1) For the same curing period (1 or 7 d), the crystallinity of the hydrated product of the LASC solidified foam cement filling material is better than that of OPC solidified foam cement filling material. e crystallinity of the hydrated product of the LASC foam filling material molded for 7 d is better than that for 1 d. (2) e larger the foam dosage, the longer the initial setting time of the foam slurry. e minimum and maximum initial setting times of the LASC foam slurry were 7.0 and 12.7 h, respectively. e fluidity of the foam slurry decreases as the foam dosage increases. e minimum and maximum fluidity of the LASC foam slurry were 82 and 139 mm, respectively. (3) When FGS is 2, the combined effect of parameters such as bubble rate, density, and compressive strength of the LASC foam filling material is better than for OPC. (4) e crystallinity, initial gel time, and compressive strength of the LASC foaming material are better than those of the OPC foaming material. (5) e application results show that the variation in the surrounding rock shape and the oxygen concentration in the gob are significantly reduced when the crossheading is filled with the LASC foam material. e effect of the LASC solidified foam cement filling in preventing air leakage is better than that of fly ash cement and loess. erefore, the proposed filling material of LASC has broad application prospects owing to its good performance and suitability for large-area fillings.
Data Availability
e data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
e author(s) declare that they have no conflicts of interest.
Authors' Contributions
Duo Zhang and Weifeng Wang contributed equally to this work.
